Abstract-A hybrid approach which combines the "four-path" model with a quasi-image method is developed in this paper to deal with the high frequency EM scattering problems of complex targets located above a slightly rough surface. The computation process of the multipath scatterings in the "four-path" model is greatly simplified by using the image targets to treat the shadowing effects and a damped reflection coefficient to correct the scattered field of the rough surface. The effectiveness and efficiency of this method are verified by numerical results, which show that the proposed approach can be used to quickly and accurately evaluate the high frequency scattering from complex targets above a slightly rough surface.
INTRODUCTION
When a target is in a definite environment, effects such as multi-path scattering and shadowing will take place, composite EM scattering modeling of the target and the surrounding medium is therefore needed [1] . Unfortunately, actual surrounding surfaces are quite different from their vegetation, roughness and undulation, etc, which makes it rather difficult to model the composite scattering from targets in the environment.
The "four-path" model [2] is a usual approximate method to solve the composite scattering problem of targets located above a rough surface. Johnson [3] confirmed that the "four-path" model is able to consider the primary scattering mechanisms in the composite scattering problem of targets and rough surface.
Slightly rough surface is a kind of very typical surroundings, such as an aerodrome and a flat sea surface, etc. This paper presents a hybrid approach which combines the "four-path" model with a quasi-image method to consider the high frequency EM scattering from complex targets above a slightly rough surface. The computation process of the multi-path scatterings in the "four-path" model is greatly simplified by using the image targets to treat the shadowing effect and a damped reflection coefficient to correct the scattered field of the rough surface. Numerical results quite agree with ones of the Iterative Physical Optics (IPO) in [4] , which shows that the proposed approach can be used to quickly and accurately evaluate the high frequency scattering from complex targets above a slightly rough surface. The height reference plane of the rough surface is defined by xoy plane. The rough surface is classified as slightly rough surface when the surface RMS heightσ and the correlation length l are both smaller than the electromagnetic wavelength λ, and satisfy Eq. 1 as follows,
Scattering returns of the slightly rough surface is dominated by the coherent component, while the incoherent component, i.e., the backscattered field, is negligible in total scattering field [1] . Figure 1 illustrates the geometry of the problem. The rough surface profiles are described by a Gaussian random process with the isotropic Gaussian correlation function defined by surface RMS heightσ and correlation length l.
To calculate the reflected field of slightly rough surface, a damped reflection coefficient Γ c and an extra random phase shift ∆φ are introduced into the rough surface reflection coefficients (R ⊥ , R // ) to correct the Fresnel reflection coefficients (R ⊥ , R // ) and consider the effect of the surface roughness respectively, i.e.,
where
In the above two equations, θ i is the incidence angle, ε r is the relative permittivity of the rough surface, k 0 is the wave number in free space, H z that obeys N (0,σ) is the undulating height of the rough surface at the reflection point.
Targets z Region 1: It can be easily seen that Path 1 is the general backscattering path; therefore high frequency asymptotic methods [5, 6] , such as Physical Optics (PO), Equivalent electric and magnetic Current Method (ECM) and Shooting Bounce Ray (SBR) method, can be used to calculate the first bounce contribution, edge diffraction and multi-reflection contribution of the targets, respectively. Paths 2 to 4 are all multi-path scattering paths, where both the rough surface reflection coefficients and the shadow effects need to be considered. 
The Quasi-image Method
The computation process of the composite scattering by targets above rough surface in the "fourpath" model is rather complicated and time-consuming. In order to improve its efficiency, both targets image and radar image can be employed to deal with the shadowing effects and multi-path scattering problem. Figure 3 illustrates the process using image targets to treat the shadowing effects of targets and surface. For path 2 to path 4, which involves shadowing of the rough surface by the targets S in the incidence directionî, image target R will be set to eliminate the contribution from the shadowing area. Figure 4 illustrates the process using image radars to simplify the calculation of the multi-path scattering contribution, whereî andŝ are the mirror image of incidence directionî and radar receiving directionŝ through rough surface, respectively. Obviously, path 2 can be equivalent to the "bistatic scattering" problem of the targets with the emitting radar located in the direction of i and the receiving radar in the direction ofŝ ; path 3 can be equivalent to the "bistatic scattering" problem of the targets also with the emitting radar located in the direction ofî and the receiving radar in the direction ofŝ ; while path 4 is a "monostatic scattering" problem with the emitting radar located in the direction ofî and the receiving radar in the direction ofŝ . Both phase shifts associated with the traveled path lengths and the rough surface reflection coefficient for each path must be considered in the so-called "bistatic scattering" problem and "monostatic scattering" problem. 
NUMERICAL RESULTS
In order to verify the validity of the method, Fig. 5 and Fig. 6 plot the HH-polarized RCS patterns in the φ = 0 • plane of a 1-block target and a 2-block target on a flat sea surface, where the calculation condition is quoted from [4] . Because of the finite flat sea surface area considered in [4] , the slight difference is observed between our result and the IPO by [4] , but the trend of them agrees well. An aircraft on an airdrome is considered as another example. Assuming that the relative permittivity of the cement ground is ε r = 10 − j2.2, and a slight roughness is described by k 0σ = 0.25. Fig. 7 depicts the HH-polarized RCS patterns of an aircraft on the airdrome in the φ = 0 • plane. It shows that, as the incidence angle θ i increases, the interactions between aircraft and airdrome also the multi-path scattering contribution increase. 
CONCLUSION
A hybrid approach which combines the "four-path" model with a quasi-image method is developed in this paper to deal with the high frequency EM scattering problems of complex targets above a slightly rough surface. The scattering filed of the slightly rough surface is approximately calculated by modeling the surface as a planar boundary between free space and a homogeneous dielectric medium. And the damped coefficient is introduced to correct the Fresnel reflection coefficients. The computation process of the multi-path scatterings in the "four-path" model is greatly simplified by using the image targets to treat the shadowing effect and the image radar to treat the multi-path effect. The effectiveness and efficiency of this method are verified by numerical results, which shows that the proposed approach can be used for quick and accurate evaluation of the high frequency scattering from complex targets above a slightly rough surface. The EM scattering from complex targets above a rough surface remains as the subject of further study and is ongoing.
